The GBP6 gene belongs to the gene family of interferon-gamma inducible GTPases, and is located in a previously characterized QTL region of porcine reproductive and respiratory syndrome virus (PRRSV) resistance in SSC4. In the current study, RT-PCR assay revealed that the GBP6 gene was widely distributed but highly expressed in spleen and lung. Under PRRSV infection, the GBP6 gene was up-regulated and differentially expressed in the pulmonary alveolar macrophages (PAMs) of Large White and Tongcheng pigs. Multiple sequences alignment and phylogenetic analysis revealed that GBP6 is highly conserved across species. We validated and analyzed the polymorphism of a missense mutation (n.932A>G, rs322187731) in the F2 resource population of Duroc × Erhualian, which changed the Valine (V) to Methionine (M) in the 300th residue of porcine GBP6. Through a linear mixed effects model, the polymorphism of the mutation (n.932A>G, rs322187731) was significantly associated with five haematological traits, namely platelet count at 20 days (PLT-20), plateletcrit at 20 days (PCT-20), white blood cell at 33 days (WBC-33), neutrophil count at 33 days (NE-33) and red blood cell count at 80 days (RBC-80). The findings presented here provide basic information for the function and possible involvement of the GBP6 gene in immune regulation and disease resistance. ______________________________________________________________________________________
Introduction
Porcine reproductive and respiratory syndrome (PRRS), the most global viral syndrome in the pig industry, is caused by a single-strand positive RNA virus, which was first isolated and classified as an arterivirus in 1991, and was called "mystery swine disease" (Elazhary et al., 1991 , Wensvoort et al., 1991 , Goyal, 1993 . It was also tagged as blue-ear disease in China , Tong et al., 2007 . Porcine respiratory and reproductive syndrome virus (PRRSV) affects all stages of pig production . In grower pigs, it limits the work of general defence mechanisms and predisposes the animals to common diseases such as pneumonia (Goyal, 1993 , Schweer et al., 2016 . PRRSV has a preference in pulmonary alveolar macrophages (PAM), where it replicates extensively (Bautista et al., 1993 , Lee et al., 2010 . The recognition and controlling of PRRSV infection is crucial to limit the adverse effects on pig production and economic losses to a minimum. So far, vaccination alone seldom provides satisfactory results for the farmer (Kimman et al., 2009 , Chae, 2016 . Multiple artificial infection experiments with PRRSV on different pig breeds revealed that host genetic background has big influence on the disease resistance or tolerance, indicating the possibility of genetic improvement of host resistance against PRRSV infection (AitAli et al., 2007 , Lewis et al., 2007 , Rowland et al., 2012 .
To reveal the genetic basis of the host response to PRRSV infection, the PRRS Host Genetics Consortium (PHGC) was established and conducted artificial infection experiment in a commercial crossbred population (Lunney et al., 2011) . Consequently, they identified an 1 Mb region consisted of 33 consecutive SNPs on SSC4, which harbours a quantitative trait locus (QTL) related to PRRSV resistance or tolerance, and the favorable haplotype was associated with lower virus burden and increased weight gain (Boddicker et al., 2012 , Boddicker et al., 2014 . Five genes of the guanylate-binding protein (GBP) family, including GBP1, GBP2, GBP4, GBP5, and GBP6, were located within this QTL region. The guanylate-binding protein family was a family of interferon-gamma inducible GTPases, which play a crucial role in resistance to intracellular bacteria and protozoa (Vestal and Jeyaratnam, 2011) . Polymorphisms of GBP1 and GBP2 in pigs have been evaluated for association with immune capacity traits such as red blood cell count and haematological parameters (Ma et al., 2008) . Recently, the allele specific expression of GBP1 was compared according to the genotype of the marker "WUR1000125" in its 3"UTR and revealed the association of the marker and differential allele expression (Gol et al., 2015) . More recently, the polymorphism of "WUR1000125" in GBP1 was found to be associated with the average daily gain in PRRSV vaccinated pigs (Abella et al., 2016) and T cell activation under PRRSV infection (Niu et al., 2016) . Meanwhile, an intronic SNP in GBP5, rs340943904, was regarded as a strong candidate causal mutation (Koltes et al., 2015) . In general, research on overall expression patterns of GBP genes in pigs has shown evidence of their correlation with weight gain under PRRSV infection (Gol et al., 2015 , Koltes et al., 2015 , however, which member of this family is the causative gene remains an uncertainty.
Whole blood transcriptome analyses of swine responses to PRRSV infection ranked GBP6 gene as one of the top differentially expressed genes (Choi, 2014) . In addition, our previous PRRSV analysis of differentially expressed genes in PAM cells revealed GBP6 was differentially expressed in both the Chinese indigenous Tongcheng and the Western Large White (Liang et al., 2017) . Thus, in the present study, we further analyzed the expression of GBP6 in PAM cells of control and PRRSV infected pigs, and evaluated the effect of variant of GBP6 (n.932A>G, rs322187731) in the F 2 population of Duroc × Erhualian, which were treated with poly I:C.
Materials and methods
All research procedures and animal care activities were strictly conducted in accordance with the guidelines established for the care and use of laboratory animals of the Standing Committee of Hubei People's Congress (No. 5) and approved by the Animal Care Committee of Hubei Province, P.R. China, and the Ethics Committee of Huazhong Agricultural University, P. R. China.
The artificial infection experiment of PRRSV and its results were introduced in detail in our previous paper (Liang et al., 2016) . Briefly, twenty-four five-week-old piglets were randomly selected: 12 from the Large White pig population and 12 from the Tongcheng pig population. Neither population had experienced PRRSV infection, according to the farm"s records. To confirm the health status of all the experimental piglets, at four weeks old they were tested for PRRSV, porcine circovirus, and pseudorabies virus. The results proved to be negative. Next, when the animals had acclimatized to the new experimental conditions at exactly one week, they were divided equally into two experimental groups (the infected groups) and two control groups (the non-infected groups). The experimental groups and control groups were kept in two separate rooms that were designed for disease research work, where each piglet was kept in a separate pen and fed ad libitum. All piglets in the experimental groups received an intramuscular challenge on day 0 with PRRSV solution at a dose of 3 mL per 15 kg. Animals in the control groups were challenged with RPMI-1640 at the same dose. All pigs were humanely euthanized for necropsy at seven days post challenge. Pigs" left lungs were collected, and phosphate buffer was used to lavage the broncho-alveolar tract. The filtration of broncho-alveolar lavage fluid was suspended with Trizol reagent (Invitrogen, Carlsbad, Calif, USA).
The total RNA from PAMs was extracted according to the manufacturer"s protocol, and reverse transcription to cDNA was conducted using PrimeScript TM RT reagent Kit (Takara) in accordance with the manufacturer"s recommendations. The 25 μL qRT-PCR reaction contained 12.5 μL 2x SYBR qPCR mix (Aidlab Biotechnologies Co., Ltd China), 0.5 μL (10 μM) of each primer, and 1 μL diluted cDNA. PCR amplification was carried out in triplicate using Bio-Rad Laboratory Inc device at 95 °C for 2 minutes, followed by 45 cycles at 95 °C for 10 seconds and 60 °C for 15 seconds. The primers used in the present study were listed in Table 1 . The relative expression ratios of the GBP6 gene were calculated by the 2 −ΔΔCt method (Livak and Schmittgen, 2001 ) using the pig housekeeping gene beta-actin as the endogenous reference gene. Data were subjected to statistical analysis using GraphPad Prism 5 software (Motulsky, 2007) . P <0.05 was considered as the threshold of statistical significance. Owing to the qualitative study of GBP6 expression in tissues, 2 μg total RNA from eight tissues including heart, liver, spleen, lung, kidney, longissimus dorsi, subcutaneous fat, and brain were digested with RNase-free DNase I (Cat # RRO47A China) to eliminate genomic DNA. The treated RNA was used for first-strand cDNA synthesis with PrimeScript TM RT reagent Kit (Cat # RRO47B) in 20 μL reactions, as indicated by the manufacturers. Semi-quantitative real-time PCR (32cycles) was employed to analyse tissue distribution using the gene-specific primers listed in Table 1 . The beta-actin gene was used as an endogenous reference gene. To determine the presence of GBP6 genes in vertebrates, we used reciprocal Blast best hits to search candidate genes from NCBI databases (with identity > 40%, overlap > 60%, e-value <1e-10). In addition, we consulted the GBP6 orthologues database in ENSEMBL. Sequence similarity was obtained with a BLAST program (http://www.ncbi.nlm.nih.gov/blast). The BLAST algorithm was used to search the http://www.ncbi.nlm.nih.gov/genome/ databases and ClustalW2 program to generate multiple sequence alignments (http://www.ebi.ac.uk/Tools/msa/clustalw2/). The homology for GBP6 transcript was inferred, and the evolutionary relationship between the transcripts of GBP6s from selected vertebrates was studied. A neighbour-joining tree was developed using MEGA 5.0 under the Poisson model, and bootstrap values were calculated from 2000 repetitions.
Missense mutation (n.932A>G, rs322187731) was identified based on porcine GBP6 Sscrofa10.2 primary assembly (GenBank accession no.NC_010445). PCRs were performed in a 25 μL mix containing 50 ng DNA, 2.5 μL of 10 × PCR buffer, 5 mM of dNTPs, 10 pmol of forward and reverse primer, 0.625U Taq DNA polymerase (Takara Biotechnology Co. Ltd. China) and ddH 2 O. The reaction conditions comprised an initial denaturation at 94 °C for 5 minutes, followed by 34 cycles of 94 °C for 30 seconds, annealing at 60 °C for 40 seconds, 72 °C for 40 seconds, and a final extension at 72 °C for 10 minutes. The PCR products were sequenced directly with ABI3730xl DNA analyser (Applied Biosystems) to confirm the mutation (n.932A>G, rs322187731). Then, PCR-RFLP assay was utilized for genotyping of the identified SNP (n.932A>G, rs322187731) in 306 individuals of Duroc × Erhualian F2 population (primers listed in Table 1 ). PCR-RFLP amplifications were carried out in a Bio-Rad T100 TM thermo-cycler (USA) in a total reaction volume of 20 µL containing dNTP (10 mM) 0.2 µL, forward primer (5 µM) 0.2 µL, reverse Primer (5 µM) 0.2 µL, Taq polymerase (2.5U/µl) 0.4 µL, 10X PCR buffer (20 mM MG2+) 2µL, template DNA (25 ng/µl) 2 µL, ddH2O 7.6 µL. The PCR-RFLP condition for amplifying was pre-denaturing at 95 °C for 3 minutes, and 35 cycles of denaturation at 95 °C for 30 seconds, annealing at 64 °C for 30 seconds, extension at 72 °C for 20 seconds, and elongation at 72 °C for 7 minutes. The PCR-RFLP products were digested with an enzyme (Nla III) and electrophoresed using 3% agarose gel. The results of the PCR-RFLP were validated by i) PCR reactions run simultaneously with a negative control (a negative control contained the entire PCR component except for the DNA template); ii) 15% of all samples were repeated to confirm the results of PCR-RFLP.
Association analysis of GBP6 mutation (n.932A>G, rs322187731) was performed in an F 2 resource population. The population was established and managed as described by Liu et al. (2011) . In brief, two phenotypic divergent pig breeds, Duroc and Erhualian, reciprocal crossed to generate F 2 population. These lines were chosen as potential candidates to breeding programs aiming at improving immune response. The population involved a total of 306 F2 individuals treated with poly I:C, an immuno-stimulant notably for inducing type I IFN response. Then, blood samples of 10 mL were collected immediately from the jugular veins of each animal after overnight fasting of at least 16 hours in four stages, namely days 20, 33, 35 and 80. Blood samples were injected directly into Eppendorf tubes containing 30 µL 20% EDTA in polybutadienestyrene. A standard set of haematological data were recorded using an automated blood analyser (Abbott, USA). The 22 haematological parameters included 11 leukocyte traits, 6 erythrocyte traits, and 5 platelet traits. Genomic DNA was extracted from the tail, and ear tissues using TIANamp Genomic DNA Kit (TianGen, Beijing, China) according to the manufacturer"s instructions, with minor modifications. A single-SNP marker analysis using linear mixed effects model approach was conducted to examine the association between the haematological traits in a total of 306 individuals. Each trait was corrected for fixed effects (i.e. sex, genotype, and environment). The association test was performed according to the following model:
Y= Xβ+Zb+ε
Where: Y is the response vector for observation traits X is the model matrix for the fixed effects for observations β is the 3 × 1 vector of fixed-effect coefficients (genotypes, sex, and environment) Z is the model matrix for the random effects for observations b is the 2 × 1 vector of random-effect coefficients (sire, dam) ε is the vector of errors for observations The mean of b and ε are 0. b should be thought of as being constant over subjects, while ε should be thought of as independent between subjects. All statistical tests were implemented in R 3.1 (Pinheiro et al., 2014) .
Results
Investigation of the general tissue distributions of GBP6 was performed by RT-PCR, using beta-actin as an internal control. GBP6 was expressed in all eight tissues, with the highest level in spleen and lung, whereas its expression in heart, liver, kidney, longissimus dorsi, subcutaneous fat, and brain were relatively weak ( Figure 1A ). We further detected its" expression in PAM cells by quantitative real-time PCR (qRT-PCR). As shown in Figure 1B , GBP6 was significantly up-regulated in PRRSV-infected PAM cells of both breeds, Large White and Tongcheng. The result showed a significant difference between infected and non-infected groups with average 8. 23-fold and average 1.09-fold in Large White and Tongcheng respectively. Multiple transcript sequence alignment was generated using the CLUSTALW program with the default parameters. The bases with ambiguity were inspected manually and removed to optimize the alignment. Long stretches of identical amino acids indicated that GBP6 was highly conserved in vertebrates, especially for the R-loop containing nucleotide triphosphate hydrolase domain (IPR027417) in the N-terminal (7-280 residues for pig GBP6) (Figure 2) . The percentage identities of pig GBP6 with other closely related vertebrates are cow (83.48%), dog (80.32%), human (82.35%), mouse (82.35%), gorilla (83.90%), cat (83.60%), guinea pig (87.25%), dolphin (81.9%), and elephant (91.64%). The neighbour-joining tree revealed that pig GBP6 clustered with known GBP6s from cow, sheep, dolphin, dog, cat, gorilla, human, guinea pig, mouse, whereas elephant serves as an outgroup when determining the evolutionary relationship among the monophyletic groups of vertebrates used in this study (Figure 3) . SNP identified in the GBP6 gene (n.932 G>A, rs322187731) was detected through sequencing, the SNP was in exon 6. The SNP was genotyped for subsequent association study in 306 F2 Duroc × Erhualian resource population. Their genotype and allele frequencies are presented in Table 2 . Three genotypes, GG, AA (homozygotes) and heterozygote AG, conditioned by PCR-RFLP and detected by enzyme NlaIII, resulting in allele A (179bp) and allele G (139bp and 40bp) (Figure 4 ). Different genotypes of GBP6 were significantly associated with 5 haematological traits: PLT, PCT, WBC, NE, and RBC at 20, 20, 33, 33 and 80 days respectively (Table 2 ). Significant association between genotypes and traits were detected in both males and females for , while the association between genotypes and PLT-20 was only found to be significant in females, and for RBC-80 it was only detected in males. 
Discussion
GBP6 is an IFN-stimulated gene. In the present study, GBP6 was up-regulated upon PRRSV infection in both Tongcheng and Large white pigs. This is consistent with previous reported PRRSV artificial infection results, which showed that the expression of IFN-stimulated genes such as IFIT1, IFIT3, IFITM1, IFNb1, IRF1, JAK2, MX1 was up-regulated under PRRSV infection (Ait-Ali et al., 2008 , Genini et al., 2008 , Singleton et al., 2016 . Meanwhile, interferon genes especially the interferon gamma gene (IFNG) are known to be strongly activated under PRRSV infection, which plays a vital role in the clearance of PRRSV virus (Badaoui et al., 2014 , Lunney et al., 2016 . Thus, the interferon signaling pathway are activated during PRRSV infection, of which the Janus kinase and signal transducer activator of transcription pathway are key regulators controlling the transcription of the GBP6 gene (Darnell et al., 1994 , Schindler and Darnell Jr, 1995 , Stark et al., 1998 . Single asterisk key (*) indicate significant differences between the various genotypes at P <0.05, and double asterisk key (**) indicate significant differences between the various genotypes at P <0.01 and three asterisk key (**) indicate significant differences between the various genotypes at P <0.001.
Quantitative PCR analysis revealed that the GBP6 gene was expressed in all tissues that were examined. The highest expression was found in the spleen and lung. The spleen is the secondary lymphoid tissue in all vertebrates (Bar-Ephraim and Mebius, 2016) , which means that the GBP6 protein probably expressed on the mature B cells, which migrate from the spleen to blood and settle in secondary lymphoid tissues to assist in the immune response (LeBien and Tedder, 2008) . PRRSV enters and replicates in macrophages and lymph nodes present in the lung (Xiao et al., 2010) , suggesting that expression of GBP6 in the lung was important in the immune surveillance system in the organs of the pig (Beyer et al., 2000) .
Multiple sequence alignment across several species as well as the phylogenetic analysis indicated that GBP6 is highly conserved among vertebrates. The mutation (n.932 G>A, rs322187731) that we analyzed in the current study caused the Valine (V) changed to Methionine (M) in the 300th residue. According to the multiple sequence alignment, this amino acid residue is highly conserved across species, therefore the missense mutation probably influences the protein function. Consistent with this point, the GBP6 missense mutation (n.932 G>A, rs322187731) had significant association with five haematological parameters, including PLT-20 (P <0.01), PCT-20 (P <0.01), WBC-33 (P <0.01), NE-33 (P <0.05), and RBC-80 (P <0.05). The wild-type homozygous (GG) displayed consistent lower value of PLT-20, PCT-20, WBC-33, NE-33 than the homozygous of derived alleles (AA), indicating the AA homozygous individuals probably under more serious inflammation state under the stimulation of poly I:C.
Conclusion
The present study reveals that the GBP6 gene is up-regulated under PRRSV infection and differentially expressed in Large White and Tongcheng PAM cells. In addition, one missense mutation of GBP6 was proved to be associated with haematological traits in pigs under the stimulation of poly I:C. However, the relationship between the mutation genotypes and PRRSV resistance remains unknown, which need further investigation in PRRSV infection populations.
